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PLUME BLIGHT VISIBILITY HODELING WITH
A SIMULATED PHOTOGRAPH TECHNIQUE

M. D. Williams, E. Treiman, M. Wecksung

The purpose of this paper is to describe the LASL visibility model
and the results of its application tc plume blight problems. The model
calculates pollutant dispersion, atmospheric chemistry, and radiative
transfer in plumes from industrial facilities. The principal model
output is in the form of a simulated photograph that depicts a scene that
has been modified by light scattering particulates and light absorbing
gases.

Pollutant dispersion is described by a gaussian model wich provision
for multiple reflections between the ground and an elevated stable
iayer. The atmospheric chemistry module is a photochemical oxidant code,
vhich includes & carbon bond model, 80, chemistry, gms to particle
conversion and particle growth and formation. Radiz.ive tranfer is
treated with a multilayer iterative solution technique.

The procedure involves collection of a clean picture of the scene
that will be altered by an industrial plume. The information on the film
is then extracted by a microdensitometer using fiters appropriate to the
colors blue, green, and red. The resulting digital date is mod fed in
accordance with the results of the radiative transfer calculations and
written onto film. Either slide film or colcs print film may be used.

The model has been applied in a number of ceses. Selected examples
that illustrate the importance of various visibtility related parameters
are prejented,



Introduction

In recent years, protection of scenic resources has assumed increased
importance. Before 1977, visibility did play a role in the assessment of
eavironmental impacts in the West, where federal resources were generally
required for completion of major energy projects. In some cases,
visibility impacts have been identified as items of major concern in
decisions governing the evailability of federally controlled land, coal,
water, or rights of way. For example, concern over visibility impacts was
s major element in the Kaiparowits controversyl, until passage of the
1977 Clean Air Act asmendments, however, there were no explicit visibility
constraints to energy development.

The 1977 amendments both established visibility as a value to be
protected and identified a major role for the federal land manager in the
assessment of potential visibility impacts. Thus the Act presented the
modeling community with two major challenges: 1) to develop models capable
of predicting visibility impacts and 2) to provide methods for making model
outputs meaningful to the general public. In this paper, we describe one
response to the twin challenges of the Clean Air Act---the LASL visibility
model,

Methodology

The LASL visibility system can be thought of as having two sections.
One deals with the dispersion, chemistry, and radiative tranferj; the other
produces &n output that displays the results in a meaningful fashion. The
display system is the simulated photograph technique, which produces a set
of "before" and "after" pictures as the principal output.

This technique begine with an actual photograph of the scene.
Preferably the photograph is obtained under clean skies and relatively
clean background conditions. The photograph is digitized and the digital
data is transformed into equivalent densities for a film with the same
minimum density and a unit gamma. With this procedure, the density is
related to exposure by the relation:

D=-1log E + a,.

The transformed digital data is then combined with the solutions of the
radiative transfer and dispersion problems by the relation:

-D
D =-Log a(= 10 °+B

new sky)

vhere D, is the modified film density, D, is the transformed film
densitv, T, is the light transmission through the plume, and B,, is
the aaditional light scattered into the line of sight by the pollutants.
The factor a transforms the relative intensities provided by the radiative
transfer code into equivalent exposure, It is obtsined by the relation:

10'Dref

as=
Iref



vhere I,,¢ is the relative intensity calculated by the radiative transfer
code for the background sky and D,,¢ is the transformed film density
corvresponding to the ssame point.

Once the modified film densities have been obtained, the simulated
picture wmay be displayed on a CRT. To obtain a hard copy, the CRT may be
photographed or the digital data may be written directly on slide or print
film,

The radiative transfer and dispersion problems are solved by a
multistep process. First mie scattering theory is used to calculate light
scattering properties of aerosol particles with diameters of 0.1 to 2.4
microns and indices of refraction appropriate to background and plume
aerosols. The light scattiting calculations are performed for wavelengths
of 4500, 5500, and 6500 A, which corresponds to blue, green, and 1ed
light., The radiative transfer in the background atmosphere is calculated
from the solar-zenith angle, the size distribution of the background
aerosols, and the optical depths of each of thirty layers of the
atmosphere. The solution involves the iterative technique developed by
Braslau and Dave? which calculates the Fourier coefficient of intenmsity.
The solution provides the Fourier coefficients of the different intensities
for each color and layer and the Fourier coefficient of the phase functions.

The solution to the plume radiative transfer and dispersion problem
also requires & number of intermediate steps. First the chemistry and
particle dynamics must be defined, Key parameters are the size
distribution of the secondary aerosols and the conversion half-lives for
nitric oxide to nitrogen dioxide, nitrogen oxides to nitrates, and sulfur
oxides to sulfates. These parameters may be estimuted from reported values
in the 1literature or calculated from a combined particle dynamics and
photochemistry code. The LASL code uses a lumped parameter approach to
particle dynamics and a modified carbon bond system for the chemistry3,
(The relevant equations are reported in the appendix.) Dilution rates are
based on gaussian plume dispersion.

Once the particle size distributions and the conveizion rates are
knowa, the optical properties associated with a given concentration of
precursors (802 and NO,) can be calculated as a function of travel
time. The dispersion mogule uses gaussian dispersion with Turner? or TVA
parameteris” to calculate concentration at each point along the observer's
line of sight. Numerical integration »long the line of sight provides
plume optical depths and the ratios of absorption to scattering for each
wavelength.

The radiation transfer problem is solved for a series of semi-infinitc
planes oriented normal to the line of sight. Dave's iterative technique is
used and boundary conditions are obtsined from the solutiens to the
background problem. Some adjustments to the code are made to insure that
the solution without the plume is equivalent to the solrtion for the
background atmosphere. The end product of the radiation transfer problem
is a pair of transmission and light scattering values for each color sand
each line of sight. The model is not restricted to single scattering
situations or to two crosswind lines of sight. Furthermore, the system
permits the cons deration of background other than the sky.



In addition to the photograph, the wmodel also calculates plume
intensities for each color, plume transmission, and plume scattering.
Chromaticity coordinates, blue-red ratios, and plume to horizon brightness
are also options of this model.

Applications

We have modeled a number of situations that provide insight into
imporcant plume blight cases. These include stable flow with emissions
approximating current New Source Performance Standards for cocal-fired power
plants for plant sizes of 500-2000 MW. We have also examined various sun
angles, particulate emission rates, relative humidities, observer viewing
angles, and differing backgrounds, In these cases, NO, to NO,
conversion rates were based or measurements made in the SouthwestS, NO
was assumed to convert to NO; witu a half-life of 2.8 h. In addition,
the maximum N0, concentration was limited to the background ozone
concentration plus 352 of the difference between the NO, concentration
and the background ozone.

In addition to coal-fired power plant plumes, we ran simulations on a
wood-burning facility in Vermont. 1In this instance, th. capacity of the
facility was expanded fiftyfold.

Results

The atmospheric chemistry model produced a number of interesting
results. First of all, during stable conditions, the 80, to SO,
conversion rates were quite low, generally less tharn 0.1% per h. However,
with increesed dilution along the plume edges, the conversion was more
rapid and increased with further dilution. Values as high as 3% were
predicted along the plume edges.

The size distributions calculated by the model were sensitive to the
partitioning between condensation onto existing accumulation mode particles
and formation of new particles in the condensation nuclei mode, With rapid
formation of condensation mode particles, relatively smaller accumulation
mode particles formed, with the result that light scattering was less than
would normally be predicted.

The photographic simulation identified a number of important features
including the nature of the background against which the plume is observed,
facility size, the source-observer geometry, the sun-plume scattering
angle, the background atmcapheric conditions, and the ratio of NO,
absorption to light scattering by particulates.

Figure 1 depicts the geometry ussl in many of the simulations. The
plant is located 30 Km from the obse:ver and 3 m/sec winds bring the plume
centerline to within 10 Km of the observer at the center of the picture.
The plume travel is angled slightly toward the observer. Figure 2 is a
simulated photograph of the plume from a 2000 MW plant during TVA stable
conditions. Figures 3 and 4 are simulatad plumes from 1000 MW and 500 MW
plaants, respectively, Figure 5 depicts a 2000 MW plant with particulate
emissions increased threefold. In this case, the light scattering from the
particulates masks the light absorption by NO, with the result that the
plume appears white rather than brown. Figure 6 depicts the plume from a



2000 M plant at & different time of the day so that the sun angle is much
different. On the left side of the picture, which is nearest the sun, the
small angle of scattering of particulates dominstes NO, absorption,
vhereas on the right side of the picture the difference in the phase
functions implies diminished scattering and RO, absorption dominates.

FPigure 7 illustrates the importance of viewer geometry in the
appearance of smcke plumes. This simulated photograph represents the same
situation as Fig. 2 except that the observer is much closer to the plume
centerline, 3 Km instead of 10 Km, The plume is barely distinguishable
because of its much more diffuse boundaries. Figure 8 depicts a plume
against a dirty background, In this case, the plume disappears.

Figure 9 illustrates the importance of background. In this instance,
the plume from a wood-burning plant, (corresponding to 150 MW thermal) is
dapicted against a wooded background. The plume is distinguishable against
a dark background although it would not be distinguishable against a
horizon sky.

Conclusions

We have developed a visibility model for plume blight simulations that
provides a simulated photograph as an output. Model applications indicate
that the appearance of smoke plumes is sensitive to observer geometry, sun
angle, emissions of NO, and particulates, atmospheric stability, and the
background against which the plume is visualized, ©Plumes from modern
coal-fired power plants are primarily visible durirg stable conditions as a
result of NO, discoloration of the sky.
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Figure 1. Source-observer geometry for the plume blight simulatiom.



Figure 2. Simuiated base case plume from a hypothetical 2000 MW
coal-burning power plant.



Simulated plume from a 1000 MW plant,

Figure 3,



Simulated plume from 500 MW plant.

Figure 4,



Figure 5.

Simulated plume with fly ash emissions increased threefold
over the base case 2000 MW plant,
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Figure 6.

Simulated plume with observer 1
the sun (scattering angle is

ookxng more nearly toward
21° vs 79° for the base case).
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Figure 7.

Simulated plume with the observer closer to the plume
(3 K instead of 10 Km in the base case) and the plume

travel normal to the line of sight (orientaiion angle for
the base case is 120° rather thon 90°),
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Figure 8. Simulated plume in a hazy background.

Figure 9. Simulated plume of a hypothetical 150 MW wood=-burning

plant. pover
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